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Abstract
In January 1999, the U.S. Geological Survey began an 

expanded monitoring program near Deer Trail, Colorado, in 
cooperation with the Metro Wastewater Reclamation Dis-
trict and the North Kiowa Bijou Groundwater Management 
District. Monitoring components were biosolids, soils, crops, 
ground water, and streambed sediments. The monitoring 
program addresses concerns from the public about chemical 
effects from applications of biosolids to agricultural land in the 
Deer Trail area. Constituents of primary concern to the public 
are arsenic, cadmium, copper, lead, mercury, molybdenum, 
nickel, selenium, zinc, plutonium, and gross alpha and beta 
activity, and they are included for all monitoring components. 
This report presents chemical data from the second year of the 
monitoring program, January–December 2000, for biosol-
ids, crops, alluvial and bedrock ground water, and streambed 
sediments. The ground-water section also includes climate 
data, water levels, and results of statistical testing of selected 
data for trends and for exceedance of   Colorado regulatory 
standards. The chemical data included are for the constituents 
of highest concern to the public as well as for many other 
constituents.

Introduction

Since 1993, the Metro Wastewater Reclamation District 
(MWRD) has been applying biosolids resulting from munici-
pal sewage treatment in Denver, Colo., to their property near 
Deer Trail, Colo. The biosolids are transported about 75 mi 
east from Denver to the MWRD property and are applied to 
nonirrigated farmland. From 1993 to 1999, the U.S. Geologi-
cal Survey (USGS), in cooperation with the MWRD, moni-
tored the quality of shallow ground water on the MWRD 
central property (fig. 1 in the Data Section at the back of the 
report), which encompassed about 15 mi2 and was the first 
property the MWRD purchased near Deer Trail. In 1995, the 

MWRD traded some of the property and acquired additional 
property in the same area. The new property consisted of about 
14.5 mi2 known as the north property and about 50 mi2 known 
as the south property. In 1999, the three MWRD properties 
together, known as the METROGRO Farm, encompassed 
almost 70 mi2 of farmland, including land in Arapahoe and 
Elbert Counties. The three MWRD properties and surrounding 
private property are hereinafter referred to as the study area 
(fig. 1).

The study area is on the eastern plains of Colorado about 
10 mi east of Deer Trail. The study area is on the eastern   
margin of the Denver Basin, a bowl-shaped sequence of sedi-
mentary rocks that was formed in an ocean or near-ocean envi-
ronment. The geology of the study area consists of interbedded 
shale, siltstone, and sandstone, which may be overlain by clay, 
windblown silt and sand, or alluvial sand and gravel (Sharps, 
1980; Major and others, 1983; Robson and Banta, 1995). The 
primary water-supply aquifer is the Laramie-Fox Hills aquifer, 
which is a bedrock aquifer that ranges from 0 to about 200 ft 
thick in the study area and is the bottom aquifer in the Denver 
Basin aquifer sequence (Robson and others, 1981; Robson 
and Banta, 1995). Multiple alluvial aquifers are present in the 
study area. These aquifers are associated with the surficial 
drainage network but contain water of variable quality, are 
of limited extent, and generally yield little water (Stevens 
and others, 2003; Yager and Arnold, 2003). The study area is 
within the South Platte River drainage basin; all streams in this 
area drain northward to the South Platte River (U.S. Geologi-
cal Survey, 1974; Seaber and others, 1987; Yager and Arnold, 
2003). Short segments of some of the streams are intermittent, 
but in general, the streams are ephemeral and flow only after 
storms. No surface water flows off the MWRD properties 
except after storms. Most ponds in the area have been created 
by detention structures. Soils in the area generally are sandy 
or loamy on flood plains and stream terraces, clayey to loamy 
on gently sloping to rolling uplands, and sandy and shaley on 
steeper uplands (Larsen and others, 1966; Larsen and Brown, 
1971). 
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Land use in the study area was historically rangeland or 
cropland and pasture (U.S. Geological Survey, 1980). Some 
petroleum exploration was done in the area (Drew and oth-
ers, 1979), but no oil or gas production took place within the 
study area during 2000. Land use during 2000 was rangeland 
or cropland. Cattle and sheep are the primary domesticated 
animals grazing the area, and wheat is the primary crop. 
Farmland is not irrigated. Land use on the MWRD properties 
during 2000 was primarily cropland (with biosolids applied as 
a fertilizer) and some rangeland.

Public concern about applications of biosolids to farm-
land increased after the MWRD agreed to accept treated 
ground water from the Lowry Landfill Superfund site in    
Denver. The concern was that water from the Lowry Super-
fund site might contain radionuclides that would then contami-
nate the MWRD biosolids. In January 1999, the USGS began 
a new monitoring program in cooperation with the MWRD 
and the North Kiowa Bijou Groundwater Management 
District. The USGS refers to the new monitoring program 
(1999–2005) as the “expanded monitoring program.” 

The expanded monitoring program near Deer Trail is 
distinct from, but builds on, the previous monitoring program 
in which the USGS monitored the quality of shallow ground 
water on the MWRD central property (1993–99). Relative to 
the previous program, the expanded program includes a larger 
study area (fig. 1) (all three MWRD properties and private-
property locations), more monitoring components (biosolids, 
soils, crops, and streambed sediments in addition to ground 
water), a more comprehensive list of chemical constituents, 
expanded statistical analyses of data, and an extended moni-
toring period (1999–2005). Both programs use USGS and 
MWRD funds. Both programs are designed, accomplished, 
and interpreted independently by the USGS, and quality-
assured USGS data and reports are released to the public and 
the MWRD at the same time. 

Biosolids are applied by the MWRD to their properties 
near Deer Trail according to agronomic loading rates. Land-
applied biosolids must meet Colorado biosolids regulations 
for metals and radioactivity; otherwise, soils could become 
overloaded. Soil quality either can be improved by biosolids 
applications through increased nutrients and organic matter 
or degraded through accumulation of excessive nutrients or    
metals. Pesticides, herbicides, and other fertilizers also may 
have been applied to the MWRD properties in the past, but 
less information is available about these applications.

 Animal waste related to grazing domestic livestock and 
applications of pesticides, herbicides, and fertilizers (includ-
ing biosolids) can affect soil quality, crops, water quality 
in alluvial and bedrock aquifers, and streambed-sediment 
chemistry. Water quality can be affected directly by contami-
nated recharge water or by infiltration of water through con-
taminated soils or sediments (remobilization). Water quality 
can be affected indirectly by tillling that mobilizes or mixes 
subsurface chemical constituents or by contributions to natural 
processes such as nitrification. Contaminated ground water 
or surface water could contaminate other aquifers (such as     

bedrock water-supply aquifers or alluvial aquifers), other sur-
face-water bodies (ponds or streams), or streambed sediment.

The expanded monitoring program near Deer Trail 
addresses these concerns about biosolids applications and 
other farming-related effects on the environment and should 
increase scientific insight about Denver Basin hydrology. The 
objectives of this USGS program are to: (1) evaluate the com-
bined effects of biosolids applications, land use, and natural 
processes on soils, crops, the bedrock aquifer, alluvial aqui-
fers, and streambed sediments by comparing chemical data to 
(a) regulatory standards, (b) data from a site where biosolids 
are not applied (a control site), or (c) earlier data from the 
same site (trends); (2) monitor biosolids for trace elements and 
radioactivity and compare trace-element concentrations and 
radioactivity with regulatory standards; and (3) characterize 
the hydrology of the study area. The monitoring of each com-
ponent (such as soil or ground water) is a stand-alone study 
that includes radioactivity analyses because of public concerns 
about effects from the Lowry Landfill Superfund site. More 
detailed information about the monitoring of each component 
is included later in this report.

Purpose and Scope

The purpose of this report is to present information 
from the expanded monitoring program near Deer Trail for 
2000 (January through December). This report presents data 
for all monitoring components of the program except soils. 
The report includes information about biosolids, soils, crops, 
ground water (alluvial and bedrock), and streambed sediment. 
The ground-water sections include climate data, lithologic 
descriptions and well-completion diagrams, hydrologic 
data (depth to ground water), water-quality data (chemistry 
and field measurements), and results of statistical testing 
of selected data for exceedance of regulatory standards and 
trends. This report does not include the hydrogeologic struc-
ture maps that were done as part of the bedrock ground-water 
monitoring component of the program. The structure maps 
were used to select bedrock-aquifer monitoring locations for 
the expanded monitoring program. The structure maps, along 
with a more detailed discussion of the hydrogeology of the 
region, are included in an interpretive USGS report by Yager 
and Arnold (2003). 

This report is organized by monitoring component 
because each component (such as soil or ground water) is 
monitored as a separate study. For each monitoring com-
ponent, the specific objectives, scope, approach, analytical 
results, quality-assurance information, and a discussion are 
included. Data in this report for January–June 2000 were    
collected by the USGS before any water transfer from the 
Lowry Landfill Superfund site to the MWRD treatment plant. 
The water transfer from the Lowry Landfill Superfund site 
to the MWRD began in July 2000. Therefore, some of the 
data in this report, along with all the data in the 1999 report 
(Stevens and others, 2003), provide a geochemical baseline for 
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each monitoring component prior to the Lowry water transfer. 
These baselines will enable the USGS to recognize and quan-
tify potential chemical changes in each monitoring component 
from the Lowry water transfer.

Acknowledgments

The USGS thanks all private landowners for allow-
ing access to their properties for data collection. The USGS 
especially thanks the Price and Weisensee families and the 
MWRD for allowing USGS instrument or well installations 
on their property and the Kalcevic family for timely sediment 
information after storms and for allowing streambed-sediment 
sampling on their property.

Biosolids
Biosolids are solid organic matter recovered from a sew-

age-treatment process that meet State and Federal regulatory 
criteria for beneficial use, such as for fertilizer. Land-applied 
biosolids must meet or exceed Grade II, Class B criteria 
(Colorado Department of Public Health and Environment, 
1998). Grade I exceeds Grade II. The MWRD applies Grade 
I, Class B biosolids to its properties near Deer Trail. The bio-
solids-application areas, dates of application, and application 
rates provided by the MWRD for its properties near Deer Trail 
are listed in table 1 (located in the Data Section at the back of 
the report); application areas (called “Destination Codes”) are 
marked DC and shown in figure 2 (in the Data Section at the 
back of the report).

Objectives of Monitoring Biosolids

The biosolids must meet regulatory standards for trace 
elements and radioactivity. Exceeding these standards could 
adversely affect the quality of soil on which the biosolids are 
applied and could alter MWRD plans for the application of 
biosolids in Arapahoe and Elbert Counties. The composition 
of the biosolids was monitored to provide an independently 
determined data set against which the MWRD chemical analy-
ses and the regulatory standards for biosolids can be com-
pared. The data also will constitute a chemical baseline against 
which any future change in the concentration of constituents 
analyzed for in this study may be recognized, measured, and 
compared.

Approach for Monitoring Biosolids

In 2000, the USGS continued the protocol established in 
1999 for monitoring MWRD biosolids for concentrations of 
arsenic, cadmium, copper, lead, mercury, molybdenum, nickel, 
selenium, zinc, plutonium, and gross alpha and beta activity. 

Radioactivity analyses were included in response to public 
concerns that biosolids radioactivity could increase from the 
transfer of water from the Lowry Landfill Superfund site.

Biosolids samples were collected directly from the 
MWRD facility in Denver rather than from individual trucks 
or fields near Deer Trail to enable the USGS to obtain a more 
representative sample. Normal annual sampling protocol calls 
for one biosolids sample to be collected each quarter. In late 
July 2000, however, MWRD began receiving treated water 
from the Lowry Landfill Superfund site. Therefore, in August 
2000, the USGS initiated monthly sampling for the remainder 
of the year. In 2000, samples were collected for March, June, 
August, September, October, November, and December. The 
samples were prepared and analyzed at the chemical laborato-
ries of the USGS Mineral Resources Program in Denver. The 
concentrations in the samples were compared to applicable 
Colorado standards for biosolids (Colorado Department of 
Public Health and Environment, 1998).

Sampling Methods for Biosolids
 Each biosolids sample is a 24-hour composite of 12 sub-

samples collected about every 2 hours by MWRD personnel 
at the MWRD facility. The subsamples were collected from 
the conveyor belt that transfers the biosolids into the transport 
trucks. Each sample was delivered to the USGS in two acid-
washed, rinsed, 1-gallon plastic bottles. 

Analytical Methods for Biosolids
The biosolids material was air dried and then ground 

to less than 150 µm before chemical analysis. The biosolids 
samples were processed and analyzed for trace elements at 
the laboratories of the USGS Mineral Resources Program in 
Denver and analyzed for radioactivity at a commercial labora-
tory, Acculabs in Colorado. The methods used to analyze the 
biosolids for each constituent are listed in table 2 (located in 
the Data Section at the back of the report).

Quality Assurance for Biosolids

The purpose of the quality-assurance program developed 
for the biosolids monitoring component was to ensure the 
analytical results were within acceptable limits of both preci-
sion (the reproducibility of results) and accuracy (the degree 
of conformity of results for a sample having known concentra-
tions). The precision was determined by analyzing the same 
biosolids sample multiple times, and accuracy was determined 
by analyzing National Institute of Standards and Technology 
(NIST) standard reference material SRM 2781, a domestic 
sludge. This standard reference material (SRM) was prepared 
by the NIST from material collected at the MWRD treatment 
plant in Denver. SRM 2781 has been analyzed extensively by 
many laboratories throughout the world, and the NIST has 
certified an acceptable range of values for various constituents 
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in the SRM. The constituents include those of interest in this 
study. Each biosolids sample was submitted to the laborato-
ries with a sample of the SRM. If the analytical results for the 
constituent of interest in the SRM were within the acceptable 
range, the results for the biosolids samples were accepted.

In 2002, the USGS became concerned about the gross 
alpha data for the biosolids samples. For the March 1999 
through June 2000 samples, the gross alpha data from Accu-
labs for the NIST standard reference material 2781 (domes-
tic sludge) ranged from 27-37 pCi/g. For the August 2000 
through August 2001 samples, the gross alpha data  ranged 
from 37- 60 pCi/g. This shift to higher values for the same 
standard-reference material indicates possible increasing 
analytical bias that could be present in the gross alpha data for 
the biosolids samples collected from the MWRD. Additional 
information about these analyses is not available because 
Acculabs went out of business in early 2002. Therefore, the 
USGS submitted split samples from a subset of the biosolids 
samples and NIST standard reference material to a differ-
ent laboratory in an attempt to reconcile this issue. A split of 
the June 2000 biosolids sample and three splits of the NIST 
standard reference material 2781 were analyzed for radioactiv-
ity in 2002 by Severn Trent Laboratory (formerly Quanterra 
Analytical Services) in Richland, Wash., under a contract with 
the USGS National Water Quality Laboratory (NWQL).

Biosolids Data

Summaries of all the chemical analyses for trace-element 
concentrations and radioactivity data (gross alpha activ-
ity, gross beta activity, and plutonium concentration) for the 
biosolids samples collected in 2000 are listed in table 3 (in 
the Data Section at the back of the report). The tables also list 
the maximum allowable concentrations for Grade I biosolids. 
Radioactivity data for the same samples from two different 
laboratories are listed in table 4 (at the back of the report). 

Discussion of Biosolids Data

All trace-element concentrations were less than the maxi-
mum allowable concentrations established for Grade I biosol-
ids. The data from Severn Trent Laboratory (STL) compare 
with the Acculabs data from 2000. No significant analytical 
bias or variability likely is present in the 2000 biosolids data 
from Acculabs.

Soils

Biosolids can contain elevated concentrations of certain 
trace constituents. Therefore, the application of biosolids to 
farmland has caused public concern regarding the potential 
short-term and long-term effects on soil quality. 

Objectives of Monitoring Soils

Soils were monitored for trace elements and plutonium 
and gross alpha and gross beta activity to establish indepen-
dent geochemical data sets for the composition of soil before 
and after the application of biosolids. The data will enable the 
USGS to recognize and quantify significant changes in soil 
composition caused by the application of biosolids to agricul-
tural soils or by other natural or human-induced processes.

Approach for Monitoring Soils

In August 1999, the USGS began monitoring soils on 
two sites, one site on MWRD property in Arapahoe County 
and one site on MWRD property in Elbert County. The sites 
were monitored for arsenic, cadmium, copper, lead, mercury, 
molybdenum, nickel, selenium, zinc, plutonium, and gross 
alpha and beta activity. Radioactivity analyses were included 
in response to public concerns that biosolids radioactivity 
could increase from the transfer of water from the Lowry 
Landfill Superfund site. Soil samples were collected once 
during 1999, before the application of biosolids to monitor-
ing sites, and the data were reported in quarterly reports and 
in the annual data report for 1999 (Stevens and others, 2003). 
Soil monitoring will continue through two cycles of biosolids 
application and crop harvest, and soil sampling will be done 
shortly after each harvest. 

Site Selection for Monitoring Soils

Sites were selected on MWRD properties where bio-
solids have never been applied. One site was selected on the 
MWRD north property in Arapahoe County, and one site was 
selected on the MWRD south property in Elbert County. The 
Araphoe County site is located in T. 4 S., R. 58 W., sec. 22 and 
lies about 0.25 mi west of Badger Creek (fig. 3). The Elbert 
County site is located in T. 6 S., R. 57 W., sec. 8 and lies 
immediately west of Beaver Creek (fig. 4). 

Sampling Methods for Soils

The sampling protocol was designed to answer the fol-
lowing question: What is the average composition of the top 
12 inches of soil in each of the six 20-acre fields? To address 
this question, a standard soil auger was used to collect samples 
to a depth of 12 inches according to a systematic grid pattern. 
For each of the two fields to which biosolids will be applied, 
36 subsamples are collected on approximately 133-ft centers. 
A similar grid is used to collect 36 subsamples from the 
southern “control” field on the Arapahoe County site. For the 
remaining three “control” fields, 30 subsamples are collected 
at approximately 155-ft centers.
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Analytical Methods for Soils

All soil subsamples are air dried at ambient temperature 
in the laboratories of the USGS Mineral Resources Program 
in Denver. Each of the dried subsamples is disaggregated and 
sieved to less than 2 mm. This minus-2-mm material then 
is ground to less than 150 µm. Splits of each subsample are 
taken for archival storage, and the subsamples for each field 
are composited into one sample for chemical analysis. The 
composite soil samples, each representing one 20-acre field, 
are analyzed by the methods listed in table 2.

Quality Assurance for Soils

The accuracy of the soil analysis was ensured by the 
analysis of NIST SRM 2709, an agricultural soil. Separate 
splits of this SRM were randomly placed among the soil 
samples and submitted to the laboratories. If the analytical 
results for the constituent of interest in the SRM are within 
an acceptable range, analytical results for the soil samples are 
accepted. Separate splits of each composited soil sample are 
analyzed independently and the results averaged to determine 
the concentration reported for a given constituent.

Soil Data

In 2000, the Elbert County monitoring site was sampled 
in late November after the wheat harvest. The Arapahoe 
County site was not sampled until June 2001. The samples 
from both sites were submitted to the laboratories for analysis 
in September 2001. Data for both these sites will be presented 
in progress reports as the data become available and in the 
annual project data report for 2001.

Crops

As previously mentioned, biosolids can contain elevated 
concentrations of certain trace elements. The application of 
biosolids to farmland on which grain crops are grown that 
will eventually be consumed by animals or humans has led to 
public concern about the composition of the crops grown on 
the fields receiving biosolids. Both the Arapahoe and Elbert 
County sites were originally planted in wheat during the    
winter of 1999–2000. The wheat on the Elbert County site 
reached maturity and was harvested in July 2000. The wheat 
crop on the Arapahoe County site failed and the field was 
plowed under in May 2000. Approximately the western one-
half of the site was replanted with millet during spring 2000; 
the millet reached maturity and was harvested in September 
2000.

Objectives of Monitoring Crops

Crops were monitored for trace elements (and selected 
samples were monitored for plutonium and gross alpha and 
gross beta activity) in order to establish independent chemi-
cal data sets for the composition of the crops before and after 
the application of biosolids. The data will enable the USGS to 
recognize and quantify significant changes in crop composi-
tion caused by the application of biosolids to agricultural soils 
or by other natural or human-induced processes.

Approach for Monitoring Crops

In the summer of 2000, the USGS began monitoring 
crops grown on the same two sites where soils were moni-
tored. One of these sites is on MWRD property in Arapahoe 
County, and one site is on MWRD property in Elbert County. 
The crops were monitored for arsenic, cadmium, copper, lead, 
mercury, molybdenum, nickel, selenium, and zinc. One sample 
from the Elbert County site was analyzed for plutonium and 
gross alpha and beta activity in response to public concerns 
that biosolids radioactivity could increase because of the trans-
fer of water from the Lowry Landfill Superfund site.

Crops grown on fields that receive biosolids applications 
were monitored along with crops grown on fields that do not 
receive biosolids applications. The crops from fields that do 
not receive biosolids applications were used as a reference for 
comparison. Each of the two crop- and soil-monitoring sites 
consisted of three 20-acre (933-ft by 933-ft) fields separated 
by 100-ft buffer zones (figs. 3 and 4, in the Data Section at the 
back of the report). In 1999, the center 20-acre field at each 
site received a single biosolids application after the initial soil 
sampling. The other two 20-acre fields at each site will not 
receive biosolids and will be used as “control” fields to deter-
mine the natural variability of soil and crop composition for 
the duration of the study. All three 20-acre fields at each site 
are farmed the same way as the rest of the MWRD property 
and have crops planted and harvested. Crop samples from each 
of the six fields were collected in the summer of 2000. Data 
will be compared after each sampling and at the conclusion of 
the study to determine how the concentrations of the constitu-
ents of interest vary with time.

Site Selection for Monitoring Crops

The soil-monitoring fields (figs. 3 and 4) also will be 
used for monitoring crops. Crops are planted on each of the six 
20-acre soil-monitoring fields. Sites were selected on MWRD 
properties where biosolids have never been applied. One 
site was selected on the MWRD north property in Arapahoe 
County, and one site was selected on the MWRD south prop-
erty in Elbert County. The Arapahoe County site is located 
in T. 4 S., R. 58 W., sec. 22 and lies about 0.25 mi west of 
Badger Creek (fig. 3). The Elbert County site is located in         
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T. 6 S., R. 57 W., sec. 8 and lies immediately west of Beaver 
Creek (fig. 4).

Sampling Methods for Crops

The sampling protocol for crops was designed to deter-
mine the average composition of the crop in each of the six 
20-acre fields. For the Elbert County site, whole wheat plants 
were collected about one month prior to harvest. For this 
collection, stainless-steel pruning shears were used to cut the 
plants about 3 inches above the ground. Approximately 
30 subsamples of wheat plants were collected randomly in 
each of the three 20-acre fields. One month later, immediately 
before harvest, samples of the mature wheat grain were col-
lected. Stainless steel pruning shears were used to cut the plant 
about 2 inches below the seed head. Again, about 30 sub-
samples were collected at random in each 20-acre field.

The wheat crop at the Arapahoe County site failed and 
was plowed under. The only wheat that remained was in a few 
scattered parts of each 20-acre field; the north control field 
was almost devoid of wheat plants. Most of the few plants that 
were still growing in the north control field were removed as 
whole-plant samples. Few wheat plants remained to produce 
seed heads. Samples of whole plants and seed heads were col-
lected, if possible, from these limited areas of the fields. About 
30 wheat subsamples were collected from the areas where 
wheat remained in each field. Approximately the western 
one-half of the Arapahoe County site was replanted with mil-
let. At maturity (September 2000), seed heads were collected 
from millet in each of the three 20-acre fields. Stainless-steel 
pruning shears were used to cut the millet plant about 2 inches 
below the seed head. About 30 millet subsamples were ran-
domly collected throughout each of the three 20-acre fields.

Analytical Methods for Crops

Whole wheat-plant samples (hereinafter referred to as 
“wheat-plant samples”) were dried under forced air at room 
temperature and were then ground to less than 2 mm using 
a standard Wiley mill. A split of the dried and ground wheat 
sample was ashed in a forced-air muffle furnace at 450oC. 
The ashed aliquot was analyzed for cadmium, copper, molyb-
denum, nickel, lead, and zinc by using a standard four-acid 
digestion followed by detection with an inductively-coupled-
plasma mass spectrometer (Briggs and Meier, 1999). The ash 
values were then converted to a dry weight basis by using the 
ash conversion factor. The dried, unashed material was ana-
lyzed for arsenic and selenium by using a standard wet oxida-
tion digestion followed by hydride-generation atomic absorp-
tion spectrometry (Hageman and Welsch, 1996). Mercury 
concentration of the dried, unashed material was determined 
by cold-vapor generation atomic absorption spectrometry 
after digestion in nitric acid – dichromate solution (O’Leary 
and others, 1996). Gross alpha activity, gross beta activity, 

and plutonium concentration were determined by standard     
radiological counting methods (Greenberg, 1992; Whittaker 
and Grothaus, 1979; Lyon, 1980).

 The grain samples were dried under forced air at 
room temperature. For wheat samples, the grain was sepa-
rated from the head by using a test plot thrashing machine at 
Colorado State University. The grain was cleaned using forced 
air and sieving. For millet samples, the grain was separated 
from the head by placing the entire sample in a heavy plastic 
bag and manipulating the heads by hand to free the grain. 
The grain was cleaned using forced air and sieving. The clean 
samples of wheat and millet grain were then ground to a flour 
using a commercial table-top mill. A split of each ground 
sample was ashed in a forced-air muffle furnace at 450oC. 
The ashed grain samples and the dried, unashed grain samples 
were subjected to the same analytical protocol discussed previ-
ously for ashed and unashed whole-wheat samples.

Quality Assurance for Crops

The accuracy of the crop analysis was ensured by the 
analysis of NIST SRM 2709, an agricultural soil. Separate 
splits of this SRM were randomly placed among the crop and 
soil samples and submitted to the laboratories. If the analytical 
results for the constituent of interest in the SRM are within an 
acceptable range, analytical results for the crop samples are 
accepted. Separate splits of each composited crop sample are 
analyzed independently and the results averaged to determine 
the concentration reported for a given constituent.

Crop Data

Wheat-plant samples were collected from the Arapahoe 
and Elbert County sites on June 7, 2000. Mature wheat-grain 
samples (seed heads) were collected from each site on July 6, 
2000. Millet-grain samples were collected from the Arapahoe 
County site on September 27, 2000. The trace-element and 
radioactivity data for the crops are listed in tables 5-7 (in the 
Data Section at the back of the report).

Discussion of Crop Data

Because most of the Arapahoe County site was plowed 
under, it was impossible to collect a sample that was represen-
tative of the entire field. Therefore, the wheat-plant and wheat-
grain data for the Arapahoe County site will have questionable 
value for monitoring purposes. Again, because of the limited 
area of the Arapahoe County site that was planted in 
millet, the millet-grain samples may not be representative 
of the entire site, and their value for monitoring purposes is 
questionable. The sample data, however, will help establish 
baseline and background values for wheat and millet for the 
Arapahoe County site. 
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Ground Water

Applications of pesticides, herbicides, or fertilizers 
(including biosolids) to the land surface can affect the quality 
of shallow ground water directly by contaminated recharge or 
by infiltration through contaminated soils or sediments (remo-
bilization). These applications also can affect the quality of 
shallow ground water indirectly by tilling (which could mobi-
lize subsurface constituents) or by contributions to natural 
processes such as nitrification. Further, discharge from con-
taminated alluvial ground water could contaminate surface 
water (ponds or streams) or bedrock water-supply aquifers. 
For this report, alluvial ground water is defined as the water 
contained in subsurface, unconsolidated (uncemented), wind- 
or water-transported sediments in current or historical stream 
channels or flood plains. Bedrock ground water is defined as 
the water contained in the fractures or pore spaces of the rock 
(consolidated sediments) that underlies soil or other unce-
mented materials; the primary bedrock aquifer in the study 
area is the Laramie-Fox Hills aquifer (Robson and Banta, 
1995). Alluvial and bedrock ground water are separate com-
ponents in the monitoring program but are combined in this 
report because the data were collected in the same way and the 
types of data included are the same.

Objectives of Monitoring Ground Water

Ground water was monitored to characterize the hydrol-
ogy and water quality of the aquifers; to determine if concen-
trations of nitrate, arsenic, cadmium, copper, chromium, lead, 
mercury, molybdenum, nickel, selenium, zinc, and plutonium 
and gross alpha and gross beta activity in the ground water are 
significantly greater than regulatory standards; and to deter-
mine if concentrations of these constituents are increasing with 
time in ground water at or near the MWRD properties. 

Approach for Monitoring Ground Water

Structure maps of the top and base of the Laramie-Fox 
Hills aquifer were compiled for the study area by using avail-
able information such as geophysical logs from oil and gas 
exploration and other data. The structure maps are included 
in an interpretive USGS report by Yager and Arnold (2003). 
The structure maps were used to determine locations for well 
pairs: two bedrock-aquifer wells and two alluvial-aquifer wells 
that constitute the recharge-evaluation sites. Multiple wells in 
the same location enable different zones of ground water to be 
monitored without having to consider spatial variability and 
can enable inferences about vertical directions of ground-water 
flow between zones. Each of the two bedrock-aquifer wells are 
nested, which means each borehole has two separate piezom-
eters screened at two separate zones. Therefore, three different 
aquifer zones are monitored at each of the two recharge-evalu-

ation sites in Muddy Creek downgradient from the MWRD 
properties (fig. 1). Lithologic and well-completion information 
for these wells is included in the 1999 data report (Stevens 
and others, 2003). An additional well, DTX11, was drilled in 
January 2000 to provide additional information about a deeper 
coarse-grained part of the Muddy Creek alluvial aquifer than 
is monitored by well DTX9. Completion information for well 
DTX11 is provided in figure 5 (in the Data Section at the back 
of the report). In 2000, electronic data-logger (EDL) equip-
ment was installed to continuously monitor precipitation and 
water levels in wells DTX9, DTX10, and DTX11, and to pro-
vide more detailed information about ground-water recharge 
at that location. These EDL data are included in this report but 
are not available on the Internet. 

Monitoring wells for the expanded monitoring program 
include selected wells installed as part of the previous moni-
toring program and new wells. Of the 33 USGS ground-water 
monitoring wells from the previous study on the MWRD 
central property, 7 are included in this study (all 7 wells 
were monitored for water levels, and water-quality samples 
were collected from 6 of these wells). “D”-numbered wells 
were drilled before 1999 as part of the previous monitoring 
program, and “DTX”-numbered wells were drilled in 1999 
(fig. 1). Lithologic and well-completion information for these 
well locations is provided by Stevens and others (2003).

Water levels in the monitoring wells were measured 
monthly. Data-collection platforms (DCP’s) with various 
sensors were installed during summer and fall of 1999 at 
three alluvial-aquifer wells (D25, DTX2, and DTX5) to 
continuously monitor ground-water levels, water temperature, 
precipitation, and air temperature. The data were transmitted 
to Denver by satellite and were available on the Internet. The 
data provided information about the hydrology in the study 
area and the response of ground water to climate variables.

Water samples were collected from alluvial-aquifer wells 
on the MWRD properties (fig. 1), and water samples were 
collected from the shallowest zones of the bedrock aquifer at 
three locations that are important to alluvial/bedrock ground-
water interactions. The remaining USGS monitoring wells 
were used to provide hydrologic information only. Water sam-
ples were collected and analyzed quarterly for physical proper-
ties, dissolved major ions and trace elements, and dissolved 
and total nutrients. Analyses were done by the USGS National 
Water-Quality Laboratory (NWQL) and included nitrate, arse-
nic, cadmium, copper, chromium, lead, mercury, molybdenum, 
nickel, selenium, and zinc. Samples also were collected and 
analyzed annually for total plutonium. Gross alpha and gross 
beta activity analyses were included in the 1999 monitoring 
but were discontinued because of matrix-interference prob-
lems caused by the high concentrations of dissolved solids in 
the ground-water samples. The plutonium and gross alpha and 
gross beta activity analyses were included in response to pub-
lic concerns that radioactivity in biosolids could increase from 
the transfer of water from the Lowry Landfill Superfund site. 
Water levels and field measurements such as pH and specific 
conductance were recorded with the collection of each ground-
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water sample. Blank and replicate samples were 
analyzed to evaluate bias and variability of the ground-
water data. All water-quality data are maintained in a USGS 
database, and selected data were published in the “USGS 
Expanded Monitoring Program Near Deer Trail” quarterly 
reports. Selected water-quality data will be statistically 
analyzed each year of the program and after about 5 years to 
determine (1) if concentrations in the ground water are signifi-
cantly greater than regulatory standards and (2) if the concen-
trations are increasing significantly with time.

Site Selection for Monitoring Ground Water

Shallow aquifers can be recharged by runoff and 
streamflow or can contribute water to streamflow and ponds. 
Therefore, the sites for alluvial-aquifer wells were selected 
by the USGS according to the following criteria: (1) loca-
tions in proximity to a stream channel that could carry runoff 
from MWRD biosolids-applied fields, (2) locations at the 
most downstream point of the drainage basin, (3) locations 
at MWRD property boundaries to represent the condition of 
ground water leaving the properties and to consider only those 
effects from activities on MWRD properties and not from 
other landowners, (4) locations where most of the upstream 
basin is on MWRD property, (5) locations that represent the 
larger drainage basins, (6) locations where USGS monitor-
ing wells already existed and where data already had been 
collected, and (7) locations accessible year round for drilling 
and sampling wells. Alluvial-aquifer wells were not installed 
upgradient from MWRD property boundaries because the 
constituents of concern generally are not conservative along 
the ground-water flow path; that is, subtracting upgradient 
concentrations from downgradient concentrations may not 
represent the effects of biosolids on the ground water for these 
constituents. Monitoring alluvial ground water near Rattle-
snake Creek was a low priority because most of the basin is 
upstream from the MWRD properties, and that part of the 
basin that receives biosolids is relatively small. Therefore, 
the USGS installed two alluvial-aquifer wells on the MWRD 
north property and four on the MWRD south property (fig. 1); 
all wells on the MWRD central property used for this study 
(fig. 1) were installed before 1999 as part of the previous 
monitoring program. 

Bedrock aquifers can be recharged by alluvial ground 
water or can be a source of water to alluvial aquifers. There-
fore, the sites for bedrock-aquifer wells were selected by the 
USGS according to the following criteria: (1) locations where 
a particular sandstone sequence within the Laramie-Fox Hills 
aquifer is present at substantial areal extent and thickness, 
(2) locations on MWRD property where the bedrock aquifer 
is present without an alluvial aquifer, (3) locations where the 
bedrock aquifer is present beneath an alluvial aquifer that 
could be affected by the application of biosolids, (4) locations 
where USGS monitoring wells already existed and where data 
already had been collected, and (5) locations accessible year 

round for drilling and sampling wells. Locations where the 
particular sandstone sequence within the bedrock aquifer is 
present in this area were determined by the USGS on the basis 
of the USGS structure map (completed in 1999) of the base of 
the Laramie-Fox Hills aquifer in this area. For the expanded 
monitoring program, the USGS installed two new bedrock-
aquifer wells (DTX8 and DTX10) in 1999, along with cor-
responding alluvial-aquifer wells (DTX7 and DTX9) (fig. 1), 
at locations where the bedrock aquifer is present beneath 
the Muddy Creek alluvial aquifer; the Muddy Creek alluvial 
aquifer could be affected by the application of biosolids. One 
previously installed USGS ground-water monitoring well, 
D29 (fig. 1), was included in this monitoring program because 
the well is on MWRD property where the bedrock aquifer is 
present without an alluvial aquifer, and prior sampling data are 
available.

DCP sites provided information about the variability in 
space and time of climate and hydrology in the study area 
as well as about the hydrologic responses to climate. This 
monitoring program includes three DCP sites, one on each of 
the MWRD north, south, and central properties (wells DTX2, 
DTX5, and D25, respectively). The locations of these DCP 
sites were selected according to the following criteria: (1) 
locations where alluvial-aquifer wells are sampled, (2) loca-
tions near possible streambed-sediment sampling drainages 
(to indicate likely runoff conditions), (3) locations near other 
wells so the information may apply to more than one well, (4) 
locations far enough apart from each other to indicate spa-
tial variability in hydrology, (5) locations needing additional 
hydrologic information to explain chemical variability (well 
D25), and (6) locations accessible year round. 

Sampling Methods for Ground Water

All data-collection methods used in 2000 were the 
same as the 1999 methods, which are detailed in the 1999 
data report (Stevens and others, 2003). Monthly water-level 
measurements were made using a vinyl-coated electric tape. 
DCP and EDL data were automatically recorded hourly. 
Water-quality samples were collected quarterly using standard 
USGS methods (Horowitz and others, 1994; Wilde and oth-
ers, 1998-99). All sampling equipment was used exclusively 
by the USGS and was used only in the study area to prevent 
cross contamination from other sites in other study areas. All 
samples and sampling equipment were kept at all times in the 
custody of the USGS in locked, guarded facilities.

Analytical Methods for Ground Water

Ground-water samples were submitted to the USGS 
NWQL in Denver. Most analyses were done by the NWQL. 
Plutonium analyses were done by Severn Trent Laboratory in 
Richland, Wash., under a contract with the USGS NWQL; all 
other analyses were done at the NWQL. The methods used to 
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analyze the ground-water samples are listed in table 8 along 
with laboratory minimum reporting levels (MRL) for the 
elements of interest and minimum detectable concentrations 
(MDC) for the radiochemical samples. 

Quality Assurance for Ground Water

Quality-assurance procedures were implemented during 
the course of the monitoring program to ensure the quality of 
the data. Procedures were implemented for water-level mea-
surements, DCP-data and core-data collection, ground-water-
sampling preparation, field-parameter measurements, ground-
water sampling, and laboratory analysis. Quality-assurance 
procedures are detailed in the 1999 data report (Stevens and 
others, 2003).

 Ground-Water Data

Monitoring at ground-water sites during 2000 produced 
meteorologic, hydrologic, and water-quality data. Meteoro-
logic data include precipitation and air temperature at three 
sites. Hydrogeologic data include the lithologic description 
of the cores and a well-completion diagram for the new well 
drilled in 2000, DTX11. Hydrologic data include monthly 
water levels at all wells and hourly water levels and water 
temperature at three DCP sites. Water-quality data include 
analytical results from quarterly sampling.

Meteorologic Data

Precipitation and air temperature were recorded hourly 
during 2000 at wells D25, DTX2, and DTX5 (figs. 6 through 
8 in the Data Section at the back of the report). Precipitation 
was recorded hourly during April-December 2000 near well 
DTX11 (fig. 9 in the Data Section at the back of the report). 
Rain occurred during thunderstorms and frontal storms, usu-
ally during April–October. The precipitation data recorded 
during October through December could represent melted 
snow. The data indicate air temperatures can fluctuate more 
than 20°C during the day but were similar for all monitored 
sites. 

Hydrogeologic Data

Well DTX11 was cored by the USGS during drilling in 
2000 to provide information about ground water and geology 
at the new well location. The lithologic description for the 
well is listed in table 9 (at the back of the report). The details 
of DTX11 well construction are given in the well-completion 
diagram shown in figure 5. Lithologic descriptions and well-
completion information for the other monitoring wells are 
provided in the 1999 data report (Stevens and others, 2003). 

Well information also is summarized in table 10 (at the back 
of the report). These details, which include the depth of well, 
screened interval, materials used, and stickup (fig. 5), provide 
a physical context for the other ground-water data, such as 
water levels, and should be considered when comparing data 
for different wells.

Hydrologic Data

Monthly water-level data and continuous water-level 
and water-temperature data can be useful for describing the 
hydrology of the aquifers in the area near Deer Trail. The 
monthly water-level data for the USGS monitoring wells used 
in this study are listed in table 11 (at the back of the report), 
and the continuous water-level and water-temperature data for 
the three DCP sites (D25, DTX2, and DTX5; fig. 1) are shown 
in figures 6–8 (at the back of the report). Continuous water-
level data for the EDL site (wells DTX9, DTX10, and DTX11; 
fig. 1) and precipitation data are shown in figure 9 (at the back 
of the report). Monthly water-level data are listed as depth to 
water below measuring point at a specific time. Continuous 
water-level data are shown as daily maximum depth to water 
below land surface. Water-level data can indicate seasonal 
effects and can aid in the interpretation of chemical data. 

Water-level data also can indicate ground-water recharge 
information. Robson and others (1981) showed that recharge 
of the Laramie-Fox Hills aquifer along the margin of the   
Denver Basin (such as in the Deer Trail area) can be from 
deeper parts of the Denver Basin, from alluvial aquifers and 
surficial features, or from infiltration of precipitation on or 
near outcrop areas. Recharge of the alluvial aquifers in the 
Deer Trail area can be from the Laramie-Fox Hills aquifer, 
from surface-water features, or from infiltration of precipi-
tation (Robson and others, 1981). Hydrologic interactions 
between alluvial and bedrock aquifers can be inferred using 
water-level data for the same point in time for wells drilled 
into the aquifers at the same site. The direction of the verti-
cal movement of ground water, or the recharge direction, may 
be indicated by noting that water moves from areas of high 
hydraulic head (high water-level elevation) to areas of low 
hydraulic head (low water-level elevation). For the expanded 
monitoring program, such interactions were monitored at two 
recharge-evaluation sites, each of which included one allu-
vial-aquifer well and one bedrock-aquifer well. The interac-
tions in the bedrock aquifer were monitored in two different 
zones (designated by “A” [shallow] or “B” [deep] after the 
well name). Therefore, three aquifer zones (one alluvial, one 
shallow bedrock, and one deep bedrock) were monitored at the 
north recharge-evaluation site (wells DTX7 and DTX8), and 
four aquifer zones (two alluvial, one shallow bedrock, and one 
deep bedrock) were monitored at the south recharge-evaluation 
site (wells DTX9, DTX10, and DTX11). Water levels for the 
paired alluvial-aquifer and bedrock-aquifer wells at the two 
recharge-evaluation sites are shown in figure 10 (at the back 
of the report) for the north recharge-evaluation site at discrete 
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time periods, and in figure 11 (at the back of the report) for the 
south recharge-evaluation site continuously for the year. The 
July water levels shown in figure 10 represent hot, dry summer 
conditions; the August and September water levels shown in 
figure 10 represent summer-recharge (rainy) conditions. 

Water-Quality Data

Water-quality data for samples collected quarterly from 
11 alluvial-aquifer and 3 bedrock-aquifer wells (fig. 1) in 2000 
are listed in tables 12 and 13 (at the back of the report). Data 
are given for field parameters, physical properties, major ions, 
nutrients, and trace elements. In addition, radioactivity data are 
given for January and October 2000. Quality-control water-
quality data for the blank samples are listed in table 14 (at the 
back of the report), and comparison data for replicate samples 
are listed in table 15 (at the back of the report). 

Discussion of Ground-Water Data

Concentrations for the blank samples (table 14) generally 
indicate little or no contamination bias. January data indicate 
a possible slight contamination bias in aluminum, and April 
data indicate a possible slight contamination bias in nitrogen 
and zinc from field processing or laboratory analyses. Blank 
samples were collected April 21, 2000, using the submersible 
pump, and these data indicate a possible slight contamination 
bias in concentrations of calcium, magnesium, copper, iron, 
strontium, and zinc (table 14). This pump is used only at wells 
DTX8, DTX10, and D29, so only samples from these wells 
may be affected. Most concentrations for the blank samples 
were much less than those for the ground-water samples. Data 
for rerun samples (not included in this report) indicate slight 
contamination bias in laboratory analyses of aluminum, arse-
nic, copper, nickel, and zinc. Therefore, the sample data that 
indicate small concentrations of aluminum, arsenic, copper, 
nickel, and zinc could be affected by a slight high bias.

The relative percent differences (RPD) between the 
ground-water samples and the replicate samples were com-
puted to summarize sample variability (table 15). Many of the 
larger RPD’s are due to values or concentrations near the MRL 
where precision is expected to be poor. In these cases, concen-
trations may vary little but result in large RPD’s. For example, 
a ground-water sample concentration of 0.01 mg/L and a 
replicate-sample concentration of 0.02 mg/L would result in 
an RPD of 67 percent, but the difference might be considered 
to be within the precision of the method at that concentra-
tion. Data values for individual replicate pairs also are listed 
in table 15 to help determine if large RPD’s are the result of 
substantial differences between replicate-sample concentra-
tions or just small differences between small concentrations. 
Some RPD’s for potassium and nickel, however, likely are 
large because a few of these concentrations are affected by 

analytical bias (table 13). The replicate-sample data indicate 
generally reproducible analytical results.

 The radioactivity data in table 13 are reported in the 
uncensored form, as received from the laboratory, rather than 
censored by either the contract or calculated minimum detect-
able concentration (MDC). Relative to the censored form (data 
reported as less than the MDC), the uncensored form provides 
more information about the uncertainty and the very small 
plutonium concentrations. The negative activity reported for 
some of the radiochemical samples means the sample counts 
were less than the laboratory background counts for that day. 
Radioactivity data are produced from instruments that detect 
radioactive decay (disintegrations) in a sample as counts per 
minute. The background counts were subtracted from the 
sample counts, and the resulting value was converted to activ-
ity-concentration units of picocuries per liter. Gross alpha and 
gross beta activity could not be analyzed in the ground-water 
samples because of interference effects related to the ionic 
strength of these samples.

In general, the expanded monitoring program is too 
new for sufficient data to have been collected for meaning-
ful interpretation of the ground-water data. However, the data 
included in this report indicate alluvial- and bedrock-aquifer 
hydrology and chemistry are variable in space (from site to 
site) and in time (from one data-collection time to the next 
at the same site) in the study area. Water-quality data in this 
report for samples before July 2000 provide baseline informa-
tion for concerns about possible contamination of the study 
area from the Lowry Landfill Superfund site water transfer; 
no water from the Lowry site was transferred to MWRD until 
July 2000.

The USGS was asked to evaluate the water-quality data 
for biosolids effects each year of the monitoring program. 
Therefore, the results for selected constituents were tested 
to determine if statistical evidence indicated exceedance of 
regulatory standards and a monotonic trend in concentration 
with time.

Regulatory Standards
Regulatory standards that might be used as guidelines 

to evaluate the ground-water quality in the study area are the 
human health standards and agricultural standards enforced by 
the State of Colorado (Colorado Department of Public Health 
and Environment, 1997). For this report, a one-tailed Sign Test 
(Helsel and Hirsch, 1995) was used to indicate the level of 
statistical evidence that selected median constituent concentra-
tions were significantly greater than regulatory standards. The 
hypotheses tested were as follows:

 Ho =  median concentration is less than or equal to 
the regulatory standard, and

 Ha  =  median concentration is greater than the 
regulatory standard.
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A small p-value result from the Sign Test indicates H
o
, 

the null hypothesis, should be rejected. The confidence level 
in rejecting H

o
 and, therefore, accepting H

a
 can be determined 

by subtracting the p-value from 1 and multiplying by 100. The 
confidence level also can be thought of as the probability (in 
percent) that the regulatory standard has been exceeded by the 
median concentration (table 16 at the back of the report). For 
example, if the Sign Test for a constituent results in a p-value 
of 0.100, there is a 90-percent confidence level or probability 
that the median concentration for that constituent is greater 
than the regulatory standard. The results of the statistical test-
ing of the data for the 11 alluvial-aquifer wells and 3 bedrock-
aquifer wells for exceedance of regulatory standards for 11 
constituents identified as important by the public are listed in 
table 16. Nitrate concentrations at well D6 were the only data 
that had a statistically significant probability that the median 
concentration exceeded the regulatory standard. 

Because quarterly samples have been collected for only 
2 years to date, the power of the statistical test (level of sta-
tistical evidence) is low. As sampling continues, the power of 
the test will increase. Radioactivity data were not statistically 
tested because few radiochemical samples, an insufficient 
number of samples for statistical testing, were collected at 
each well since 1999. The distribution of concentrations at 
each well for selected constituents during 2000 and the regula-
tory standards used to test the ground-water data are shown 
in figure 12 (at the back of the report). Time-series graphs 
(concentration plotted with time) of selected constituents for 
selected wells are included as figure 13 (at the back of the 
report).

Trends
Upward monotonic trends in concentration mean that 

concentration for a parameter increases over time, although 
not necessarily in a straight line. These upward trends could 
indicate biosolids, other farm practices, grazing, or even 
natural processes such as geochemical dissolution are affect-
ing ground water. For this report, the Kendall’s tau statistic 
(Helsel and Hirsch, 1995) was used as an indicator of mono-
tonic correlation between concentration and time. Kendall’s 
tau is a number between negative one and positive one where 
values approaching negative or positive one indicate increas-
ing strength of the correlation and a number approaching zero 
indicates decreasing strength of correlation. Positive values 
of Kendall’s tau indicate upward trends, and negative values 
indicate downward trends. The results of the statistical testing 
of the data for monotonic trends in 11 constituents identified 
as important by the public are listed in table 17 (at the back of 
the report). A p-value is listed to indicate the level of signifi-
cance of the coefficient, the tau value. The p-value must be 
less than or equal to 0.05 for tau to be significant with at least 
95-percent confidence. Values in table 17 indicating statisti-
cally significant trends are shown in bold. Radioactivity data 
were not statistically tested because only three radiochemi-
cal samples, which is an insufficient number of samples for 

statistical testing, have been collected at each well since the 
program began in 1999.

If all data for a constituent were less than the MRL, no 
trend could be identified (such as for lead at any of the wells). 
If at least one concentration value for a constituent at a well 
was greater than the MRL, the data were analyzed for trend. 
Many of the reported concentrations included in the trend 
analysis were less than the MRL, and the MRL varied for 
most of the constituents. Therefore, the trends evaluated by the 
statistical analyses may be artificial--that is, the difference in 
MRL, not differences in concentration, may result in an appar-
ent trend. However, none of the statistically significant trends 
(table 17, values in bold type) were caused by changes in the 
MRL. The results of trend analysis on the 1999 plus 2000 
combined data set (table 17) commonly were different than 
the results of trend analysis on only the 1999 data set (Stevens 
and others, 2003). Some of the trend directions changed from 
upward to downward trends or from downward to upward 
trends when the 1999 data were retested with the 2000 data, 
and significance of the trend result increased. Some of these 
changes may be caused by the low power of the test when few 
data are used in the test (as in 1999), by changes in the MRL 
as mentioned previously, or because seasonal effects have not 
been considered (too few data). Because quarterly samples 
have been collected for only 2 years to date, the power of the 
trend test is still low, and too few data are available to consider 
seasonal effects. As sampling continues, the power of the test 
will increase and the amount of data available will enable sea-
sonal effects to be removed. Time-series graphs (concentration 
plotted with time) of selected constituents for selected wells 
are included as figure 13 (at the back of the report). 

Streambed Sediment

Animal waste related to grazing livestock and applica-
tions of pesticides, herbicides, or fertilizers (including bio-
solids) to the land surface could affect surface-water quality 
directly by contaminated inflow or by runoff over contami-
nated soil or sediment (remobilization). These applications 
also can affect surface-water quality indirectly by tilling that 
mobilizes or changes surface constituents or surface character-
istics; by inflow, base flow, or recharge to surface water from 
contaminated ground water; or by contributions to natural pro-
cesses such as nitrification. Contaminated surface water could 
contaminate downstream, previously uncontaminated ponds, 
streams, streambed sediments, alluvial aquifers, or bedrock 
water-supply aquifers in aquifer-recharge zones.

Surface-water contamination from biosolids applica-
tions is a public concern. However, because streams flow 
off the MWRD properties only after intense thunderstorms, 
surface-water sampling is impractical, and monitoring extreme 
surface-water events is difficult. Monitoring streambed-sedi-
ment chemistry is more practical and cost effective and offers 
greater opportunity to establish comparison or baseline sites 
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than monitoring surface-water chemistry. For the expanded 
monitoring program, streambed sediment is defined as the 
fine-grained alluvium freshly deposited in the drainage bot-
toms by surface-water flow after rainstorms.

Sediment affected by the application of biosolids could 
be transported off MWRD property into streambeds when pre-
cipitation is intense enough to cause overland flow. Therefore, 
streambed-sediment chemistry is used as an indirect indicator 
of surface-water quality because of the close contact between 
surface flows and sediment during transport. Contaminants in 
the streambed sediment could cause contamination in ground 
water or surface water if the contaminants are resuspended in 
water or leached from the bed sediment. Furthermore, concen-
trations of trace elements and plutonium and gross alpha and 
gross beta activity may be higher in the bed sediment than in 
the surface water.

Objectives of Monitoring Streambed Sediment

Streambed sediments were monitored to determine 
if concentrations of nitrate, arsenic, cadmium, chromium, 
copper, lead, mercury, molybdenum, nickel, selenium, zinc, 
organic carbon, gross alpha and beta radioactivity, and plu-
tonium in sediments derived from (or transported through) 
biosolids-application areas are significantly higher than in bed 
sediments derived from nearby farmland that did not receive 
biosolids applications.

Approach for Monitoring Streambed Sediment

Two small drainage basins were selected for comparison 
of streambed-sediment chemistry (fig. 1). The basins have 
similar physical characteristics, but one basin (known as the 
biosolids-applied basin) receives biosolids applications and 
is part of the MWRD farming program, and the other basin 
(known as the control basin) receives no biosolids applications 
and is farmed privately. 

A DCP site (with a rain gage) is near the biosolids basin. 
The DCP data were transmitted remotely to enable the USGS 
to determine when rainfall of sufficient intensity and duration 
had occurred near the basins. For sampling to take place, suf-
ficient rainfall was needed to cause the fine-grained materi-
als and dissolved constituents to wash off the hillsides of the 
basins into downgradient streambeds. 

Paired streambed-sediment samples were collected when 
freshly deposited streambed sediment was available from 
both the biosolids basin and the control basin at the same time 
(after the same storm). The USGS was able to collect only 
one paired sample during 2000 despite several attempts. The 
USGS determined that at least 0.5 inch of rain in a single hour 
had to be received by the tipping-bucket rain gage at DTX2 
to cause sufficient runoff in the biosolids-applied basin that a 
streambed-sediment sample could be collected. This rainfall 
scenario occurred only once in 2000. 

Streambed-sediment samples were analyzed for nitrate, 
phosphorus, aluminum, arsenic, cadmium, chromium, copper, 
lead, mercury, molybdenum, nickel, selenium, zinc, carbon, 
gross alpha and beta radioactivity, and plutonium. The radio-
activity analyses were included in response to public concerns 
that biosolids radioactivity concentrations could increase from 
the transfer of water from the Lowry Landfill Superfund site. 
When sufficient storms occur, three to four paired samples per 
year are planned. When enough paired samples are collected, 
data will be statistically tested to determine if streambed-
sediment chemistry is significantly different between the two 
basins.

Site Selection for Monitoring Streambed 
Sediment 

Several pairs of similar small basins (one on MWRD 
property and one on nearby private property) were considered 
by the USGS for monitoring. Only small (less than 5-mi2) 
basins were considered because (1) the large biosolids basins 
did not have a nearby corresponding control basin that had 
similar characteristics, (2) the thunderstorms likely to cause 
runoff were usually localized and were not likely to affect two 
large basins with the same duration and intensity, (3) sampling 
is more efficient in small basins because each streambed-sedi-
ment sample is a composite of sediment collected throughout 
the basin, and (4) the large basins in the study area are more 
variable with respect to geology, soil type, and land use. 
Sediment collected from the large basins is more likely to be 
affected by this variability and, therefore, may not indicate 
effects from biosolids. The criteria used to pair basins included 
distance between basins; proximity to a USGS ground-water-
monitoring well that included DCP instrumentation; land use 
(farmed); likely accessibility even after severe thunderstorms; 
and similar bedrock geology, soil type, aspect, stream order, 
channel length, channel slope, relief, and ponding. From 
the three basin pairs identified as candidates for streambed-
sediment monitoring (Stevens and others, 2003), the pair on 
Badger Creek tributaries (on and near the MWRD’s north 
property) was selected. The selected basins are shown as 
streambed-sediment sampling areas in figure 1.

 Sampling Methods for Streambed Sediment
Before sampling, equipment was field washed with 

phosphate-free detergent, rinsed three times with deionized 
(DI) water and wrapped in clean plastic bags for transport to 
the next site. Trace-element sampling equipment received an 
additional rinse with 5-percent trace-element-grade nitric-acid 
solution and three more rinses with DI water. Clean sieve 
cloth was used for each site. The trace-element equipment 
was allowed to air dry and was stored in plastic bags until 
use. Stainless-steel equipment (which was not used to pre-
pare trace-element samples) was allowed to air dry and was 
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wrapped in aluminum foil and stored in sealed plastic 
containers.

DCP data transmitted by satellite to the USGS were 
monitored daily throughout the year to determine the occur-
rence, intensity, and duration of rainfall in the study area. If 
sufficient rainfall in the area of the paired basins was indicated 
by the data, the sampling crew visited the sites to determine if 
the rainfall had produced sediment transport from the hillsides 
to the alluvial channel in both basins. If transport occurred in 
both basins, a streambed-sediment sample was collected from 
the newly transported sediment in the main-stream channel of 
the basin.

Freshly deposited bed sediment from the basins (fig. 1) 
was sampled after rainfall runoff by using dedicated equip-
ment for each basin in accordance with the procedures of 
Radtke (1997). Bed sediment was collected from the alluvial 
channel in each of the selected basins by using Teflon spoons. 
The upper 2 cm of fine-grained, wet sediment that collects in 
depositional areas was removed, placed in a clean sealable 
plastic bag, and transported in a cooler containing ice to the 
USGS District laboratory in Denver for processing. Processing 
consisted of homogenizing, sieving, and bottling the sample. 
For the trace-element sample, the sediment was washed into 
an acid-rinsed polypropylene sample jar through a nylon, 
0.63 µm sieve using DI water. The sediment in the jar was 
allowed to settle, and then the clear water was removed from 
the top of the sample with a plastic syringe. This procedure 
was repeated until sufficient sediment (about 35 g total) was 
sieved for the sample. The procedure was repeated using a 
2-mm stainless-steel sieve to fill sample containers for 
analyses of inorganic and organic carbon (500 g in a 1-L, 
baked glass jar), nutrients (20 g in a polypropylene jar), gross 
alpha (1 g in a polypropylene jar), and plutonium (150 g in a 
polypropylene jar). The samples were labeled and transported 
to the USGS NWQL for analyses. Laboratory analyses con-
sisted of nutrients (total nitrogen and total phosphorus), trace 
elements (aluminum, arsenic, cadmium, chromium, copper, 
lead, mercury, molybdenum, nickel, selenium, and zinc), and 
plutonium and gross alpha and gross beta activity.

Analytical Methods for Streambed Sediment
Trace-element samples were analyzed at the USGS 

NWQL. Gross alpha, gross beta, and plutonium analyses were 
done by Severn Trent Laboratory in Richland, Wash., under a 
contract with the USGS NWQL. The analytical methods used 
to analyze the streambed-sediment samples and the labora-
tory MRL’s or MDC’s are listed in table 18 (at the back of the 
report). 

Quality Assurance for Streambed Sediment
Quality-assurance procedures were implemented during 

the course of the monitoring program to ensure the quality of 
the data. The DI water used in cleaning and sample process-

ing was monitored for purity according to procedures given 
in Horowitz and others (1994). Laboratory and field cleaning 
procedures were rigorous and designed to prevent contamina-
tion of samples. Before sample collection, all sampling equip-
ment and materials were cleaned according to standard proce-
dures given in Horowitz and others (1994), Radtke (1997), and 
Wilde and others (1998-99). 

If results for a particular constituent were questionable, 
the sample was reanalyzed by the laboratory. If results from 
the second analysis were more consistent with known char-
acteristics of the site or the particular sample, the new results 
were used instead of the previous results; otherwise, the initial 
result was retained. The analytical quality-assurance practices 
and procedures of the NWQL are described in Friedman and 
Erdmann (1982).

Sufficient streambed sediment was available for a 
replicate sample, so a replicate July 17 sample of the control 
site also was analyzed. These data (table 19 at the back of the 
report) provide information about variability in the sediment 
itself or contributed by field conditions, sampling equipment, 
or the laboratory. Other quality-control samples for 2000 
included a laboratory replicate, a laboratory method blank, 
and a laboratory spike analyzed only for plutonium and gross 
alpha and gross beta activity. The laboratory replicate was 
used to assess analytical precision. Laboratory blanks were 
used to assess contamination bias. The laboratory spike was 
prepared by the laboratory by using known concentrations of 
a constituent to assess recovery and analytical precision. The 
quality-control samples provided information about the bias 
and variability contributed by the laboratory but not the bias 
and variability contributed by field conditions or sampling 
equipment or about the variability of the sediment.

Streambed-Sediment Data
The USGS collected a single paired sample July 17, 

2000. Data for these two samples and the replicate are 
included in table 19 at the back of the report.

Discussion of Streambed-Sediment 
Data

A comparison of the limited sample data with the 
replicate data indicates that variability within the sample is 
about the same as variability between the basins for this single 
paired sample. However, a statistical evaluation is not useful 
for the limited data collected. 

The radioactivity data are reported in the uncensored 
form as received from the laboratory rather than censored by 
either the contract or calculated MDC. Relative to the cen-
sored form (data reported as less than the MDC), the uncen-
sored form provides more information about the uncertainty, 
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the very small concentrations of plutonium, and the gross 
alpha and gross beta activity. The negative activity concentra-
tion reported for one of the radiochemical samples means the 
sample count was less than the laboratory background count 
for that day. Radioactivity data are produced from instruments 
that detect radioactive decay (disintegrations) in a sample as 
counts per minute. The background count was subtracted from 
the sample count, and the resulting value was converted to 
activity-concentration units of picocuries per gram.

The streambed-sediment data in this report should pro-
vide baseline information for concerns about contamination of 
the study area from the Lowry Landfill Superfund site water 
transfer. No water from the Lowry site was transferred to 
MWRD until July 25, 2000, after the July 17 streambed-sedi-
ment sample was collected (table 1 and fig. 2).
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Figure 2 Metro Wastewater Reclamation District biosolids-application areas (METROGRO Farm) near Deer Trail, Colorado, 2000
(from Metro Wastewater Reclamation District).
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Figure 5. Well-completion information for U.S. Geological Survey monitoring well DTX11 near Deer Trail, Colorado, 2000
(PVC, polyvinyl chloride; SCH., schedule; ALS, above land surface; BLS, below land surface).
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28  Data for a Biosolids-Application Area near Deer Trail, Colorado, 2000 Data Section  29

Figure 10. Water levels for the recharge-evaluation site containing well DTX7 and nested well 
DTX8 (includes DTX8A and DTX8B) near Deer Trail, Colorado, for (a) July, (b) August, and 
(c) September 2000. (Elevation is in feet above NAVD 88.)
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Figure 10. Water levels for the recharge-evaluation site containing well DTX7 and nested 
well DTX8 (includes DTX8A and DTX8B) near Deer Trail, Colorado, for (a) July, (b) August, and 
(c) September 2000. (Elevation is in feet above NAVD 88.)—Continued.
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Figure 10. Water levels for the recharge-evaluation site containing well DTX7 and nested 
well DTX8 (includes DTX8A and DTX8B) near Deer Trail, Colorado, for (a) July, (b) August, and 
(c) September 2000. (Elevation is in feet above NAVD 88.)—Continued.
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Figure 13. Ground-water concentrations near Deer Trail, Colorado, for selected constituents and selected 
wells, 1999-2000—Continued.
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56  Data for a Biosolids-Application Area near Deer Trail, Colorado, 2000 Data Section  57
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56  Data for a Biosolids-Application Area near Deer Trail, Colorado, 2000 Data Section  57
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58  Data for a Biosolids-Application Area near Deer Trail, Colorado, 2000 Data Section  59
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